A recombinant rabies virus was used as a retrograde tracer to allow complete fi lling of the axonal and dendritic arbors of identifi ed projection neurons in layer 5 of mouse primary somatosensory cortex (S1) in vivo. Previous studies have distinguished three types of layer 5 pyramids in S1: tall-tufted, tall-simple, and short. Layer 5 pyramidal neurons were retrogradely labeled from several known targets: contralateral S1, superior colliculus, and thalamus. The complete dendritic arbors of labeled cells were reconstructed to allow for unambiguous classifi cation of cell type. We confi rmed that the tall-tufted pyramids project to the superior colliculus and thalamus and that short layer 5 pyramidal neurons project to contralateral cortex, as previously described. We found that tall-simple pyramidal neurons contribute to corticocortical connections. Axonal reconstructions show that corticocortical projection neurons have a large superfi cial axonal arborization locally, while the subcortically projecting neurons limit axonal arbors to the deep layers. Furthermore, reconstructions of local axons suggest that tall-simple cell axons have extensive lateral spread while those of the short pyramids are more columnar. These differences were revealed by the ability to completely label dendritic and axonal arbors in vivo and have not been apparent in previous studies using labeling in brain slices.
INTRODUCTION
Information processing in the neocortex requires the precise connectivity of the underlying cortical circuitry. Individual cortical neurons make precise connections at many levels, including the extrinsic targets to which they project, the laminar specifi city of their local axonal arbors, and the specifi c cell types to which they connect. For any given cortical neuron type, the choices that are made at each of these levels of specifi city are correlated, presumably to match the local computations within a given cortical area to the computational needs of the distant structures that receive the cortical output. Here we focus on layer 5 pyramidal neurons, which provide a major cortical output and can be grouped into distinct cell types.
Previous work in our laboratory has distinguished three types of pyramidal neurons in layer 5 of mouse primary somatosensory cortex (S1) based on axonal and dendritic morphology: tall-tufted, tall-simple, and short (Larsen and Callaway, 2006) . In vitro labeling studies (Larsen and Callaway, 2006) have shown that two of the cell types, the tall-simple and short layer 5 pyramidal neurons, have similar laminar specifi city of their local axonal arborizations, with arbors in both the deep and superfi cial layers. In contrast, the tall-tufted layer 5 pyramidal neurons have axonal arborizations mainly in the deep cortical layers. Other studies have shown that the tall-tufted layer 5 pyramidal neurons project subcortically to targets such as the superior colliculus and thalamus (Bourassa et al., 1995; Deschenes et al., 1994; Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Hubener et al., 1990; Killackey et al., 1989; Larkman and Mason, 1990; Tsiola et al., 2003; Veinante et al., 2000; Wise and Jones, 1977) . The short layer 5 pyramidal neurons have been shown to be corticocortical projection neurons (Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Hubener et al., 1990; Larkman and Mason, 1990) . The tallsimple layer 5 pyramidal neurons have an unknown projection target, but have been described before (Akemann et al., 2004; Chagnac-Amitai et al., 1990; Kim and Connors, 1993; Tsiola et al., 2003) .
We were interested in better understanding the relationships between local axonal projections, extrinsic projections and anatomical cell types. For example, is the presence of an apical dendritic tuft (tall simple and tall-tufted cells) predictive of connections with subcortical structures? Or is there instead a correlation between the pattern of local axonal arbors (e.g., projections to superfi cial layers) and extrinsic connections? Furthermore, are there more subtle differences between the axonal arbors of different cell types that are not apparent from the limited axonal reconstructions achieved with in vitro labeling? Understanding these correlations is crucial to understanding the unique role of each layer 5 pyramidal cell type in cortical and subcortical information processing.
We have recently described a recombinant rabies virus, SADΔG-EGFP, that functions as an almost ideal retrograde tracer (Wickersham et al., 2007) . Like naturally occurring rabies virus, it infects via axon terminals; however, because its envelope glycoprotein gene has been deleted, it is unable to spread transsynaptically, instead acting as a fi rst-order retrograde tracer that labels only cells projecting to an injection site. Because the deleted gene has been replaced with the coding sequence for EGFP, these infected cells express vast amounts of EGFP, permitting the easy resolution of fi ne anatomical details (Wickersham et al., 2007) .
Here we have used this recombinant rabies virus to retrogradely label layer 5 pyramidal neurons from three known projection targets: contralateral S1, superior colliculus, and thalamus. We fi nd that the local axonal arborization pattern correlates with extrinsic projection target: both the tall-simple and the short pyramidal neurons have local projections to layer 2/3 and extrinsic projections to other cortical areas, while the tall-tufted pyramidal neurons have local projections in deep layers and extrinsic projections to subcortical targets. Furthermore, the ability to label more extensive local axons in vivo than in brain slices revealed a difference between tall-simple and short layer 5 pyramidal neurons in their local axonal projections to superfi cial layers. The tall-simple neurons appear to have a patchy projection with greater lateral spread in superfi cial layers compared to a more columnar projection of short pyramidal neurons.
MATERIALS AND METHODS

Animals
C57BL6 mice were obtained from Harlan and kept on a 12-hour light/ dark cycle. All animals were treated in accordance with institutional and NIH guidelines for the Care and Use of Laboratory Animals.
Virus injections
C57BL6 mice were anesthetized with ketamine (100 mg/kg IM) and xylazine (10 mg/kg IM). Virus was loaded into pulled glass pipettes (tip inner diameter of 30-50 µm) and injected using a Picospritzer III (Parker Hannifi n/General Valve Corporation, Fairfi eld, NJ) at approximately 20 nl/minute. 180-600 nl of virus (7.5E7-2.5E8 infectious units) was injected at the following locations, with stereotaxic coordinates in millimeters relative to bregma: Barrel cortex: −1.7 AP, +3 LM, −1.5 DV. Superior colliculus: −3.64 AP, +1.0 LM, −1.75 DV. Thalamus: −2.06 AP, +1.125 LM, −3 DV. Virus production and titering was as previously described (Wickersham et al., 2007) .
Mice were deeply anesthetized 7 days postinjection with 4% isofl urane and perfused transcardially with 4% paraformaldehyde in PBS. Brains were postfi xed and cryopreserved overnight in 4% paraformaldehyde/30% sucrose in PBS, then kept in 30% sucrose in PBS until sectioning. Brains were sectioned in the coronal plane at 100 um on a freezing microtome.
Immunohistochemistry
Immunohistochemistry for GFP was used to visualize the neuronal morphology and results in brighter, more stable labeling than the native GFP to allow for reconstructions. The sections were incubated in blocking solution (10% NGS, 2% BSA, 0.25% Triton-X 100, 0.1 M PB) for 2 hours. Sections were then incubated in a polyclonal anti-GFP (1:1000, Molecular Probes, Eugene, OR) overnight at 4°C. The primary antibody was visualized with a Cy3-conjugated secondary antibody (1:100; Chemicon, Temecula, CA). After staining, the sections were counterstained with DAPI (10 uM, Sigma) to allow for the determination of laminar and areal borders. Sections were then mounted onto subbed slides, dehydrated, and coverslipped with Krystalon mounting medium (Fisher).
Data analysis
Neurons were reconstructed using an Olympus fl uorescence microscope in concert with a Neurolucida computerized reconstruction system (MicroBrightfi eld, Williston, VT). First, low power (10× objective, 0.5 NA) maps were drawn of each selected section. Maps included locations of the cell bodies of all labeled cells, laminar borders, and borders of barrel cortex. The dendritic arbors of selected cells were then reconstructed at higher power (60× oil immersion objective, 1.40 NA) without the knowledge of cortical layers. After completion, the neuronal reconstructions were overlaid onto the low power maps, containing the cortical layers, for analysis. Each neuron was analyzed for the number of dendritic branch points per layer using a custom designed MatLab-based program. Total apical dendritic length was obtained in the analysis portion of the NeuroExplorer software package (MicroBrightfi eld, Williston, VT).
Only animals with injection sites, identifi ed by the presence of labeled glia, that were clearly within the correct structure, were included in the analysis. Examples of injection sites for each of the targets are found in Figure 1 . Reconstructed neurons came from at least 2 separate animals for each injected structure and all neurons were located in the barrel fi eld of primary somatosensory cortex, identifi ed by cell dense barrel septa. The neurons were classifi ed as either tall-tufted, tall-simple, or short pyramidal neurons based on the criteria identifi ed in our previous quantitative study of these neurons labeled in brain slices (Larsen and Callaway, 2006) . Dendritic arbors of a total of 30 layer 5 pyramidal neurons were reconstructed to allow for unambiguous classifi cation: 13 corticocortical, 9 corticotectal, and 8 corticothalamic. We also reconstructed the axons for 6 of the neurons: 2 corticocortical tall-simple, 2 corticocortical short, 1 corticotectal tall-tufted and 1 corticothalamic tall-tufted.
Figures 1 and 2 were prepared by importing images from software provided with Optronics MicroFire camera (Optronics, Goleta, CA), into Adobe Photoshop and subsequently into Adobe Illustrator. Minimal alterations were made in the brightness and contrast of these images.
RESULTS
Quality of neuronal label
We utilized a recombinant rabies virus, SADΔG-EGFP, as a retrograde tracer to label pyramidal neurons in layer 5 of the primary barrel fi eld of S1. Many traditional retrograde tracing techniques are limited in their ability to completely label the neuronal morphology. Some groups have combined retrograde labeling with fl uorescent dyes and subsequent intracellular fi lls to reveal the morphology of labeled neurons (e.g., Katz, 1987) . The use of the SADΔG-EGFP rabies virus as a retrograde tracer has several advantages, including only being taken up by synaptic terminals at the injection site (not axons of passage), and having the ability to replicate intracellularly and express extremely high levels of EGFP (Wickersham et al., 2007) . Furthermore, since labeling occurs in vivo, there is no loss of distant axonal processes as occurs during the preparation of brain slices for in vitro labeling. The SADΔG-EGFP rabies virus is unable to infect additional neurons transsynaptically and the EGFP expressed by the virus completely fi lls the neurons, allowing the visualization of both dendrites and axons (Figure 2) .
Quantitative comparisons of cell types
In a previous study of the development of layer 5 pyramidal neurons (Larsen and Callaway, 2006) we identifi ed objective criteria to distinguish between 3 distinct types of layer 5 pyramidal neurons. In that study, neurons were intracellularly labeled with biocytin in cortical slices and classifi ed as tall-tufted, tall-simple, or short. Two main features could be used to reliably distinguish between cell types: the presence of an apical tuft within layer 1 and total apical dendritic length. The identifi cation of short pyramids was most straightforward; the apical dendrite fails to reach layer 1. Tall-simple and tall-tufted pyramids both have apical tufts in layer 1, but differ quantitatively in total apical dendritic length. Most notably, there is no overlap in the distributions of total apical dendritic length (Larsen and Callaway, 2006) . The validity of this measure is reinforced by the observation that tall-simple layer 5 pyramidal neurons have axons projecting to superfi cial layers, while tall-tufted layer 5 pyramidal neurons do not.
In the present study we used these same criteria to unambiguously classify layer 5 pyramidal neurons. The quantitative comparisons of total apical dendritic length for neurons with different extrinsic projections (see below) further reinforce the validity of these criteria. We also measured numbers of apical dendritic branches and report here on the utility of this measure for cell classifi cation.
Pyramidal neurons labeled from the superior colliculus
We reconstructed dendritic arbors of 9 neurons from 3 mice with injections in the superior colliculus, spanning all the layers. All 9 neurons had the appearance of tall-tufted layer 5 pyramidal neurons (Figure 3) . The talltufted morphology is characterized by a large cell body with an apical dendrite that extends to layer 1 and ends with a large apical dendritic tuft ending in layer 1 (Figure 3) . These results correspond with previous studies using more traditional tracers (Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Hubener et al., 1990; Koester and O'Leary, 1992; Schofi eld et al., 1987; Tsiola et al., 2003; Wang and McCormick, 1993) . These 9 neurons had apical dendritic lengths that ranged from 3.23 to 6.04 mm with an average of 4.79 ± 0.33 mm (Figure 4A ; mean ± SEM). The total number of apical dendritic branches ranged from 32 to 66 with an average of 49.22 ± 3.89 (mean ± SEM), with the majority of branches occurring in layer 2/3 (21.89 ± 1.78; mean ± SEM; Figure 4B ) and layer 5 (24.78 ± 3.20; mean ± SEM; Figure 4B ).
Pyramidal neurons labeled from the thalamus
We reconstructed dendrites of 8 neurons from 2 mice with injections in the thalamus. All 8 neurons had the appearance of tall-tufted layer 5 pyramidal neurons with the same characteristics as the corticotectal neurons described above (Figure 3) . Our thalamic injections were large, encompassing multiple nuclei, but both injections included the posterior group (Po), the probable target of the neurons labeled in layer 5 (Bourassa et al., 1995) .
These 8 neurons had apical dendritic lengths that ranged from 2.81 to 5.88 mm with an average of 4.25 mm ± 0.38 ( Figure 4A ; mean ± SEM). The total number of apical dendritic branches ranged from 32 to 66 with an average of 45.50 ± 3.94 (mean ± SEM), with the majority of branches occurring in layer 2/3 (13.88 ± 2.15; mean ± SEM; Figure 4B ) and layer 5 (26.25 ± 4.20; mean ± SEM; Figure 4B) . These values did not differ signifi cantly from the SC-projecting neurons for either total apical dendritic length ( p-value = 0.3, t-test) or number of apical dendritic branches ( p-value = 0.5, t-test). Altogether the 17 tall-tufted neurons (SC-and thalamus-projecting) had apical dendritic length that ranged from 2.81 to 6.04 with an average of 4.54 mm ± 0.25 (mean ± SEM), 
pyramidal neurons have signifi cantly greater total apical dendritic length than either the tall-simple or short layer 5 pyramidal neurons (p < 0.001; t-test). Bar graphs indicate the number of apical dendritic branch points (B) and basal dendritic branch points (C) per cell in each cortical layer (mean ± SEM). Asterisks denote signifi cant difference from tall-simple neurons. Triangles denote signifi cant difference from short neurons. Diamonds denote signifi cant difference from tall-tufted corticotectal neurons. Squares denote signifi cant difference from tall-tufted corticothalamic neurons. One symbol
which is signifi cantly greater (p < 0.001, t-test) than either tall-simple or short layer 5 pyramidal neurons (see below). The total number of apical dendritic branches ranged from 32 to 66 with an average of 47.47 ± 2.72 (mean ± SEM), which is signifi cantly greater (p < 0.001, t-test) than either tall-simple or short layer 5 pyramidal neurons (see below).
Pyramidal neurons labeled from contralateral S1
We reconstructed dendrites of 13 neurons from 3 mice with injections in contralateral S1. We identifi ed 2 types of pyramidal neurons from these cortical injections. Four of the 13 neurons were short layer 5 pyramidal neurons (Figure 3) . The short layer 5 pyramidal neurons are characterized by smaller cell bodies and an apical dendrite that only extends into layer 2/3 and has few if any branches in superfi cial layers. The short layer 5 pyramidal neurons have been identifi ed in previous studies as corticocortical projection neurons (Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Hubener et al., 1990; Koester and O'Leary, 1992) . These 4 neurons had apical dendritic lengths that ranged from 0.76 to 1.91 mm with an average of 1.41 mm ± 0.24 (mean ± SEM). The total number of apical dendritic branches ranged from 8 to 17 with an average of 13.00 ± 1.96 (mean ± SEM), with the majority of branches occurring in layer 5 (12.25 ± 1.75; mean ± SEM; Figure 4B) .
The remaining 9 of 13 neurons were identifi ed as tall-simple layer 5 pyramidal neurons (Figure 3) . The tall-simple layer 5 pyramidal neurons are characterized by having a smaller, more elongated cell body than the tall-tufted neurons and an apical dendrite that extends to layer 1, ending with a simple tuft. Previous studies that identifi ed the short layer 5 pyramidal neurons as the source of the corticocortical projection neurons did not observe the tall-simple cell type. These 9 neurons had apical dendritic lengths that ranged from 0.95 to 2.77 mm with an average of 1.83 mm ± 0.21 (mean ± SEM). The total number of apical dendritic branches ranged from 10 to 26 with an average of 17.67 ± 1.77 (mean ± SEM), with the majority of branches occurring in layer 5 (10.56 ± 2.01; mean ± SEM; Figure 4B ) and a modest amount of branches in layer 2/3 (13.88 ± 2.15; mean ± SEM; Figure 4B ).
Local axonal arbors
To investigate the axonal arbors of each layer 5 pyramidal neuron type, axonal arbors were reconstructed for a subset of the neurons, including 2 neurons of each cell type. While this low n precludes us from a meaningful quantitative analysis of the axonal morphologies, we would like to note that visual inspections of these axons (see Figure 5 ) are in excellent agreement with our previous report that tall-tufted layer 5 pyramidal neurons project local axons within deep cortical layers, while tall-simple and short layer 5 pyramidal neurons have extensive projections to superfi cial layers. However, the more complete reconstructions that were made possible by in vivo labeling revealed an unexpected difference in the axons of the short layer 5 pyramidal neurons in comparison with the tall-simple layer 5 pyramidal neurons. The axonal projections to the superfi cial layers differed: those of the two short layer 5 pyramidal neurons were relatively columnar, while the axons of the two tall-simple layer 5 pyramidal neurons had extensive laterally spreading and patchy axons within layer 2/3. This qualitative difference was not readily apparent in our sample of neurons labeled in vitro.
DISCUSSION
In a previous study examining the development of layer-specifi c axonal arborizations of pyramidal neurons in S1 of mice, we were able to distinguish 3 different pyramidal cell types in layer 5: tall-tufted, tall-simple, and short (Larsen and Callaway, 2006) . The tall-simple layer 5 pyramidal neurons have not been well described in the literature and the projection target(s) of this cell type is unknown. We were interested in whether the tall-simple layer 5 pyramidal neurons have the same extrinsic connections as the tall-tufted or the short layer 5 pyramidal neurons. If the tall-simple layer 5 pyramidal neurons share projections with the tall-tufted layer 5 pyramidal neurons, then the dendritic morphology, with the presence of an apical dendritic tuft in layer 1 for both cell types, correlates with the projection target. If the tall-simple layer 5 pyramidal neurons share projections with the short layer 5 pyramidal neurons, then the axonal morphology, with the presence of axonal arbors in the superfi cial layers for both cell types, correlates with the projection target. Both possible results have implications for the roles different layer 5 pyramidal cell types play in cortical circuitry.
We found that the axonal morphology of the cell types correlates with the projection targets more than the dendritic morphology (Figure 6 ). For the thirty layer 5 pyramidal neurons reconstructed in the present study, the tall-simple and short layer 5 pyramidal neurons account for all of the corticocortical projection neurons while the tall-tufted layer 5 pyramidal neurons account for the corticothalamic and corticotectal projection neurons.
Our observations further reinforce a clear dichotomy between talltufted and tall-simple pyramidal neurons. The presence of an apical dendritic tuft does not imply that these cells belong to a single type. The tall-simple cells are similar to short pyramids, in terms of both their local axonal arbors and their extrinsic projections, and they are distinctly different from tall-tufted pyramids. Furthermore, quantitative measures demonstrate that there is no overlap between tall-tufted and tall-simple neurons in either their total apical dendritic lengths or their numbers of apical dendritic branches. The differences in axonal and dendritic morphologies between the different projection neurons have important implications for the incorporation of the different cell types into the cortical circuit. Differences in dendritic arborization provide insight into possible differences in input to each cell type, while differences in axonal morphology provide insight into their differential outputs.
The most obvious difference between the dendritic arbors of the cell types we have observed is in layer 1. Tall-tufted cells receive extensive input within layer 1, tall-simple signifi cantly less, and short cells can not receive any at all. This suggests that these cell types are likely to differ in their inputs from sources that target layer 1. Most local excitatory connections do not preferentially target layer 1 and studies of functional input in brain slices have revealed that all layer 5 cell types studied receive local excitatory input from all cortical layers (layers 2-6) (Briggs and Callaway, 2005; Feldmeyer and Sakmann, 2000; Reyes and Sakmann, 1999; Schubert et al., 2001; Thomson and Deuchars, 1997) . Therefore, these cells are likely to instead differ in the inputs they receive from distant excitatory sources and from local inhibitory neurons. Possible excitatory input sources which target layer 1 include thalamic inputs and corticocortical connections (Cauller et al., 1998; Cetas et al., 1999; Herkenham, 1980; Llinas et al., 2002; Lu and Lin, 1993; Mitchell and Cauller, 2001; Oda et al., 2004; Rockland and Pandya, 1979; Jones, 1976, 1978) . Differential inhibition could come from either layer 1 inhibitory neurons (Anderson et al., 1992; Chu et al., 2003; Hestrin and Armstrong, 1996; Winer and Larue, 1989; Zhou and Hablitz, 1996) or from Martinotti cells located in deeper layers, both of which make synapses onto apical dendrites that extend into layer 1 (Silberberg and Markram, 2007; Wang et al., 2004) . For example, paired recordings have revealed that layer 5 Martinotti cells provide feedback inhibition onto tall-tufted layer 5 pyramids (Silberberg and Markram, 2007) .
In the same way that dendritic morphology can highlight possible differences in inputs to different cell types, axonal morphology can highlight possible differences in their outputs. By retrogradely labeling cells of each type, we clearly revealed differences in outputs to subcortical structures vs. to the contralateral cortex. These differences proved to be tightly correlated with differences in the laminar specifi city of local axonal arbors. Both short and tall-simple layer 5 pyramids make corticocortical connections and have local axons extending into the superfi cial layers, while tall-tufted pyramids project subcortically and restrict their local axons to deep layers.
Since the local axons of these cells can be well preserved in brain slices, many studies have already provided considerable insight into the local functional connections that are mediated by layer 5 pyramids. Our observations provide further insight into the cell types that could mediate these connections as well as how they correlate with extrinsic projections. Functional excitatory connections from layer 5 to layer 2/3 must be contributed by short and tall-simple pyramids, but not by tall-tufted pyramids. Functional studies indicate that these projections to layer 2/3 are likely to contact the distal apical dendrites of other layer 5 pyramidal neurons (Deuchars et al., 1994; Thomson and Deuchars, 1997) , interneurons in layer 2/3 (Dantzker and Callaway, 2000) , and layer 2/3 pyramidal neurons, though at a low frequency (Reyes and Sakmann, 1999; Thomson and Bannister, 1998) . The tall-tufted layer 5 pyramids have been shown to synapse on the basal dendrites of other layer 5 pyramidal neurons (Feldmeyer and Sakmann, 2000; Markram, 1997; Markram et al., 1997; Schubert et al., 2001 ) and also onto layer 5 inhibitory neurons (Silberberg and Markram, 2007; Thomson and Deuchars, 1997) .
Although tall-simple and short layer 5 pyramids have much in common, they are nevertheless different cell types. In addition to their defi nitive difference in apical dendritic morphology, our limited sample suggests a further difference between their local axonal arbors within layer 2/3. Axons from the two short layer 5 pyramidal neurons which were reconstructed had a relatively columnar projection into layer 2/3 ( Figure 5 ). In contrast, the two tall-simple layer 5 pyramidal neurons had a patchier projection to layer 2/3, covering a larger area laterally and in the anterior-posterior axis (Figure 5 ). This pattern was not noticed in our previous study of intracellularly labeled neurons in cortical slices, presumably due to cutting of axons during slice preparation. These differences in axonal arborization suggest that differences in input are correlated with differences in output and relate to differential functional roles for these cell types. For example, the longer lateral axons of tall-simple cells suggest that they may play a greater role in mediating interactions across barrel columns.
The anatomical observations we have made provide the clearest insight into identifi cation of layer 5 pyramidal cell types and their possible connectivity. However, cell type specifi c differences in input sources and in outputs will ultimately interact with previously documented differences in intrinsic physiology (Contreras, 2004) as well as functional properties of synaptic connections (Feldmeyer and Sakmann, 2000) to establish the unique role of each cell type within the intact network. 
